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Wetland disturbance from motorized vehicle use is a growing concern across the 
Appalachian coalfields of southwestern Virginia and portions of adjacent states, 
particularly as both extractive industries and outdoor recreation development 
expand in regional communities. However, few attempts have been made in this 
region or elsewhere to adapt approaches that can assist researchers and land 
managers in remotely identifying and monitoring wetland habitats disturbed by 
motorized vehicle use. A comparative analysis of wetlands impacted and 
unimpacted by off-road vehicle activity at a public recreation area in Tazewell 
County, Virginia was conducted to determine if and how a common, satellite-
derived index of vegetation health, normalized difference vegetation index (NDVI), 
can remotely detect wetland disturbance. NDVI values were consistently lower in 
wetlands impacted by several years of off-road vehicle use when compared to 
adjacent, unimpacted sites, with statistically-significant NDVI coldspots growing 
in size in impacted wetlands across the same time period. While considerations 
exist related to the resolution of data sources and the identification of specific 
modes of disturbance, NDVI and associated spatial analysis tools may provide a 
simple and cost-effective way for researchers and land managers to remotely 
monitor rates of wetland disturbance across mountainous portions of the eastern 
United States. 
Key Words: NDVI, vegetation, off-road vehicle, disturbance, wetland 
 
INTRODUCTION 
The coalfields of the central Appalachian Mountains, located across southwestern Virginia, 
eastern Kentucky, southern West Virginia, and eastern Tennessee, have historically been one of 
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the most heavily-impacted areas of the eastern United States in terms of anthropogenic 
disturbances. More than 3000 km2 of this region have been altered due to surface mineral 
extraction, with extensive timber harvesting and gas well development occurring across the same 
region (Saylor 2008; Townsend et al. 2009; Miller and Zegre 2016; Ross et al. 2016). Past work 
has found these activities to exert significant ecological pressures on ecosystems across the 
Appalachian coalfields, including reduced habitat availability and altered community composition 
for bird, herpetofauna, and plant taxa, as well as changes to water quality and nutrient cycling in 
regional waterways (Petty et al. 2013; Wickham et al. 2013; Maigret et al. 2019). 
Wetland ecosystems are of particular concern within the central Appalachian coalfields. 
The overall extent and number of wetland habitats is lower in this region compared to other 
Appalachian physiographic provinces due to steep terrain that constrains wetland formation mostly 
to floodplain areas along rivers and larger streams, as well as midslope seepages near the 
headwaters of smaller streams (Thompson et al. 2007; Fleming and Patterson 2017). As a result, 
wetlands in this region are typically given a high conservation value and are a management priority 
within regional protected areas (USDA Forest Service 2004; Thompson et al. 2012; Weber and 
Bulluck 2014). 
Wetlands and waterways across the central Appalachian region have faced disturbance 
risks from the aforementioned forms of natural resource extraction, including altered water 
chemistry and quality (Kiviat 2013; Cook et al. 2015), altered soil dynamics (Stephens et al. 2015), 
and the introduction of non-native taxa into wetland vegetation assemblages (Balcombe et al. 
2005). However, ongoing socioeconomic shifts across the region are resulting in a decrease in 
surface mining and related forms of disturbance and a corresponding increase in recreational 
development across large parcels of private and public land formerly used for resource extraction 
(Frisch and Johanssen 2014; Scott et al. 2017). In particular, the development of off-road vehicle 
trail systems is a growing economic development strategy being employed by local and state 
governments, with more than 1500 km of motorized trails developed across southwestern Virginia, 
southern West Virginia, eastern Kentucky, and eastern Tennessee (Hackbert and Lin 2009; Scott 
2010). 
Wetland ecosystems worldwide are often targeted for motorized trail development or 
otherwise impacted by off-road use (Meyer 2002; Arp and Simmons 2012). These activities have 
been shown in past work to decrease vegetation biomass and productivity in some wetland habitats 
(Hannaford and Resh 1999; Welch et al. 2002) and alter the composition of some wetland 
vegetation assemblages (Taylor and Raney 2013). Soil compaction from off-road vehicle use is 
also of particular concern across multiple habitat types since it can lead to diminished moisture 
infiltration needed to support plant growth, as well as increased rates of soil erosion (Webb and 
Wilshire 1983; Liddle 1997; Ouren et al. 2009). Impacts from soil compaction generally increase 
with the number of vehicle passes at a given site (Iverson et al. 1981; Lovich and Bainbridge 1999), 
with soil compaction from vehicle use persisting for years following disturbance in some habitat 
types (Ahlstrand and Racine 1993). Wetlands also exhibit some of the highest susceptibility to 
trail-related erosion and soil scouring when compared to dry forested sites and other terrestrial 
habitats (Sobczak and Pernas 2002; Trip and Wiersma 2015). These impacts have cumulatively 
led many trail planning programs to recommend wetland avoidance during motorized trail 
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development to minimize environmental impacts (Snyder et al. 2008). In spite of these concerns, 
few attempts have been made to gauge the extent of wetland disturbance and other environmental 
impacts due to motorized trail development across the central Appalachian region, where trail 
networks are expanding at an increasing rate (Sharp et al. 2020). This lack of an ability to detect 
and monitor wetland disturbance from off-road vehicle use at the landscape scale currently 
precludes such assessments, as well as the development of studies examining the ecological 
impacts of such activities and the design of appropriate mitigation measures. 
Remote sensing approaches hold promise as one avenue for both researchers and land 
managers to identify wetlands damaged by off-road vehicle use and other anthropogenic 
disturbances. Remotely-sensed imagery, for example, can both highlight the location of wetland 
habitats within the surrounding landscape matrix (Ozesmi and Bauer 2002; Adam et al. 2010) and 
identify spatiotemporal changes in wetland characteristics using indices of ecological condition 
derived from remotely-sensed data (Mayer and Lopez 2011; Hinkel et al. 2017). Such remote 
sensing approaches and associated metrics have been used to detect signatures of both natural 
(Rodgers et al. 2009; Potter 2018) and anthropogenic (Kayastha et al. 2012; Alatorre et al. 2016; 
Jaramillo et al. 2018) disturbances in wetland habitats across a variety of ecosystems. In particular, 
normalized vegetation difference index (NDVI) data are increasingly being incorporated as a 
metric of vegetation health that can allow researchers to remotely gauge wetland condition in 
response to disturbance events (Potter 2018; Wilson and Norman 2018; Taddeo et al. 2019; 
Vanderhoof et al. 2020). To date, however, these approaches have yet to become adapted for use 
in detecting signatures of wetland disturbance from motorized vehicle use. The purpose of this 
study was therefore to test the ability of remotely-sensed datasets to identify wetland disturbance 
in response to motorized vehicle use, particularly for wetlands impacted by vegetation loss and 
vehicle scouring, at a site heavily impacted by off-road vehicle trail development in the New River 
watershed of southwestern Virginia. 
 
MATERIALS AND METHODS 
Study Area 
The focal area of this study encompassed a 20 km2 region along the northern half of the 
lower Laurel Fork watershed in Tazewell County, Virginia, specifically an area presently 
maintained as a public off-road vehicle recreation area by Virginia’s Southwest Regional 
Recreation Authority. Habitats across this area are mixed mesophytic forest ecosystems typical of 
middle and lower elevations within the Cumberland Mountains Physiographic Province, with past 
surface mining activities originating during the 1970s occurring across portions of the region. 
Wetlands across the study area are primarily large headwater seepage wetlands, isolated wetlands 
incidentally formed as a result of past surface mining, and floodplain wetlands along larger 
streams. 
Six wetland areas from the study area were selected for analysis: three wetland areas that 
have been incorporated as water features along official motorized trails (hereafter “impacted” 
wetlands) and three wetland areas not associated with (e.g., >0.25 km from) official motorized 
routes (hereafter “unimpacted” wetlands; Fig. 1). All selected sites were open-canopy wetlands 
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characterized predominantly by emergent vegetation occurring within flat to gently-sloping zones 
of groundwater discharge along first- or second-order headwater streams. Small and shallow 
headwater wetlands of this type are common across the Cumberland Mountains where either 
naturally-occurring terrain or terrain modified by surface mining activities facilitates the pooling 
of surface runoff and groundwater discharge and the establishment of wetland soils and vegetation 
(Thompson et al. 2007; Atkinson et al. 2010). All wetlands were of roughly equivalent size (0.5-
2.14 ha) and at roughly equivalent elevations (760-790 m asl), and none have experienced any 
significant anthropogenic disturbance, outside of the off-road vehicle use being investigated in this 
study, in at least the past five years. Off-road vehicle disturbance was confirmed at all impacted 
sites via evidence of substantial vehicle scouring (tire rutting of wetland soils, crushed vegetation) 
along with official trail signage within each wetland area during field visits following the peak 
recreation season in late September of 2018 and 2019. 
 
 
FIGURE 1: Focal wetlands at the Original Pocahontas Off-Road Vehicle Trail System in Tazewell 
County, Virginia. Trail locations were generated from publicly-available GPS data from the trail system’s 
managing agency (http://spearheadtrails.com). Red box in inset map denotes location of the study area, 
with the shaded region denoting the location of the Cumberland Mountains province along the borders of 
Virginia, Tennessee, Kentucky, and West Virginia, where rapid off-road vehicle trail development is 
occurring at the regional scale. 
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Data Sources 
Wetlands impacted by off-road vehicles should exhibit significant differences in remotely-
sensed indices of vegetation health, relative to unimpacted wetlands across the same area. To test 
this, 100 x 100 km2 tiles from publicly-available Sentinel-2 satellite imagery were downloaded. 
Sentinel-2 imagery is generated across 13 spectral bands that include visible, near infrared, and 
short-wave infrared spectra at a spatial resolution of 10 m to 60 m (Drusch et al. 2012). Sentinel-
2 tiles were downloaded from the United States Geological Survey Earth Resources Observation 
and Science Center (https://www.usgs.gov/centers/eros).  
Specifically, a representative Sentinel-2 tile was chosen covering the study area from each 
year encompassing a timespan from 2015-2019, corresponding to dates before the full study area’s 
opening to off-road users (2015) and multiple years of imagery following its opening date (2016-
2019). An imagery date for each year was selected from the same period within the local dry season 
(the final two weeks of October) in order to (i) capture wetland condition following the peak 
summer recreation season and (ii) minimize confounding seasonal differences in vegetation 
growth, precipitation, and artifacts from standing water. All imagery was additionally recorded 
prior to the local onset of colder temperatures and significant frost events. Imagery was also 
selected to minimize cloud cover, with no cloud cover visible across the study area in any of the 
aforementioned images. 
Multispectral bands from Sentinel-2 imagery can be used to calculate indices of ecological 
condition, specifically those reflecting vegetation health. Sentinel-2 imagery was used to calculate 
one such index, normalized difference vegetation index (NDVI), which summarizes vegetation 
health on a 1 to -1 scale (Goward et al. 1991). NDVI was calculated for each year (2015-2019) 
using the Image Analysis extension in ArcGIS v10.3 as the following:  
 





where IR and R refer to pixel values from the 10 m infrared and red Sentinel-2 bands, respectively. 
Following NDVI calculation, NDVI pixel values were extracted for each year from within each 
focal wetland for further analysis. Wetland polygons were generated based on wetland extents as 
identified by the Virginia Wetlands Catalog (Weber and Bulluck 2014) and high-resolution aerial 
orthoimagery (VGIN 2019). 
Statistical Analyses 
NDVI data from successive dates can be used to quantify vegetation change across a time 
series (Piao et al. 2006; Franke and Menz 2007; Zhao et al. 2009). Linear Mixed Effects Models 
were used to evaluate relationships between NDVI, wetland type (impacted vs. unimpacted), and 
year, with NDVI as a dependent variable and wetland type and year included as independent 
variables. Models were constructed using the lmer function in the lme4 package in R. 
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Specifically, four candidate models were evaluated reflecting the following potential 
explanatory variables for NDVI patterns as fixed factors: wetland type alone, year alone, an 
interaction between wetland type and year, and a null model with no fixed factors. Since pixels 
from the same wetland sites were not independent, site was included as a random factor in all 
candidate models. Models were evaluated using Akaike’s Information Criterion (AIC) via the 
anova function in the car package in R, with pairwise comparisons between interaction terms 
(wetland types per year) performed using the emmeans package. 
A more informative measure of vegetation change than aggregated decreases in NDVI is 
that of spatial clustering of low NDVI values. Specifically, statistically-significant clusters of 
NDVI minima would be expected to be present in wetland areas experiencing disturbance from 
off-road vehicles, with the size of such clustered minima expanding over time as disturbance 
continues. The Getis-Ord Gi* statistic (Getis and Ord 1992) was used to assess statistically 
significant patterns of clustering of high and low NDVI values – or hotspots and coldspots, 
respectively – across the study area. The Getis-Ord Gi* statistic compares grid cell values to those 
of neighboring features, assessing the significance of clustered patterns by comparing actual local 
sums to expected local sums from the same areas. Resulting values can then be grouped into bins 
representing the degree of statistically-significant clustering across a spatial extent.  
Getis-Ord Gi* statistics were calculated for each year’s NDVI dataset using the Hot Spot 
Analysis function in ArcGIS v10.3. Resulting hotspots and coldspots (99% confidence, 95% 
confidence, and nonsignificant clustering) were visually identified in ArcGIS, with Getis-Ord Gi* 
statistics exported for each year within each focal wetland polygon.  
 
RESULTS 
Linear mixed effects models indicated that wetland type, year, and an interaction between 
these two factors were all significant (α = 0.05) predictors of NDVI, with the full model (wetland 
type + year + wetland type x year) being the best model based on AIC values (Table 1). Mean 
NDVI values were not significantly different between impacted and unimpacted wetlands in 2015 
(prior to the full trail system’s opening and the onset of vehicle disturbance at impacted sites) or 
in 2016 (early in the study area’s operation as a motorized recreation area); however, mean NDVI 
values were significantly lower in impacted wetlands when compared to unimpacted wetlands in 
each year from 2017-2019, following multiple years of motorized use in impacted wetlands (Fig. 
2). Differences between impacted and unimpacted wetland types generally increased in the years 
following the opening of the trail system to motorized users and an increase in vehicle disturbance, 
with NDVI differences between impacted and unimpacted wetlands more than doubling between 
2015 and 2018 (Fig. 3). These patterns match with actual conditions at each impacted site, which 
contained large and growing areas of crushed vegetation and scoured/compacted soil in wheel ruts 
(see aerial orthoimagery in Fig. 4), versus unimpacted wetlands lacking these features. 
Impacted wetlands were also characterized by significant NDVI coldspots determined via 
hotspot analyses in ArcGIS v10.3. The proportion of each impacted wetland characterized by 
statistically-significant clustering of low NDVI values generally increased after the study area was 
opened to motorized users (Fig. 4), with the size of coldspots within wetland polygons more than 
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doubling from 2015 to 2019 at impacted sites (Table 2). Nearby unimpacted wetlands generally 
exhibited a lack of increasing coldspot formation, with the proportion of each wetland 
characterized by statistically-significant clustering of low NDVI values remaining relatively 
constant from 2015-2019. By contrast, several unimpacted wetlands exhibited increasing levels of 




TABLE 1: Linear mixed effects model results for four candidate models explaining NDVI variability in 
wetlands across the lower Laurel Fork watershed on Virginia’s Original Pocahontas Off-Road Trail 
System. For listed candidate models, “None” refers to the model including no predictor variables, “Type” 
refers to the model including wetland type (impacted versus unimpacted) only, “Year” refers to the year 
of imagery only, and “Type*Year” refers to an interaction between year and wetland type. “npar” refers 
to the number of parameters, “AIC” refers to Akaike’s Information Criterion, and “logLik” refers to the 
log-likelihood value. 
 
Model npar AIC logLik Wald χ2 P-value 
Type*Year 5 14146 -7068.0 5.0978 0.02 
Year 4 14149 -7070.6 15.1867 <0.0001 
Type 4 14164 -7078.2 5.0992 0.02 
None 3 14167 -7080.7 n.a. n.a. 
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FIGURE 2: Comparison of annual NDVI values (mean ± 1 SD) across impacted and unimpacted 
wetlands at the Original Pocahontas Off-Road Vehicle Trail System in Tazewell County, Virginia. Labels 
denote significance levels of comparisons between impacted and unimpacted wetlands within each 
respective year (n.s. = non-significant; * = P < 0.05; ** = P < 0.01). 
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FIGURE 3: Differences in mean NDVI (ΔNDVI) between wetlands impacted by off-road vehicle 
disturbance and those unimpacted by off-road vehicle disturbance at Virginia’s Original Pocahontas Trail 
System per year from 2015-2019. 2015 represents the year prior to the full study area’s opening to 
motorized users; impacted wetlands were open to motorized vehicle use in each successive year.  
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(Fig. 4, A) 
(Fig. 4, B) 
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FIGURE 4: Representative example of NDVI coldspot formation over time at a single wetland site 
impacted by off-road vehicle trails (Trail 10) in Tazewell County, Virginia: (A) wetland prior to the trail 
system’s opening, and (B) the same wetland in 2019 after multiple years of being open to off-road vehicle 
use. Note substantial scouring of vegetation and underlying soils in tire tracks from vehicle travel 
accompanying separate NDVI coldspot in 2019.  
(Fig. 4, B) 
 
 
TABLE 2: Proportion of wetland areas at the Original Pocahontas Off-Road Vehicle Trail System 
comprised of statistically-significant NDVI coldspots per year. “Impacted” denotes wetlands co-located 
with official off-road vehicle routes and exhibiting signs of vehicle disturbance (tire rutting, vegetation 
scouring), while “unimpacted” denotes wetlands not co-located with official vehicle routes. 2015 denotes 
the year prior to the onset of wetland impacts, with impacted wetlands open to vehicle use in each 
successive year. Asterisk denotes one year’s imagery that resulted in inflated NDVI values across the 
entire Sentinel-2 tile; see text for discussion of this outlier. 
 
Wetland Type 2015 2016* 2017 2018 2019 
Trail 10 Impacted 0.33 0.32 0.53 0.95 0.87 
Trail 80 Impacted 0.62 0 0.67 0.89 0.73 
Trail 90 Impacted 0.23 0 0.2 0.68 0.46 
Curran Branch Unimpacted 0.08 0 0 0 0.01 
Farmers Branch Unimpacted 0.1 0 0.09 0.24 0.11 




Remotely-sensed indices of ecological condition are commonly used to assess 
spatiotemporal changes in the condition of wetlands and other habitat types (Pettorelli et al. 2005). 
In particular, NDVI and associated metrics have been found to serve as an indicator of wetland 
condition that can highlight signatures from a variety of wetland disturbances, including severe 
storm events (Rodgers et al. 2009), commercial development and agricultural practices (Kayastha 
et al. 2012; Alatorre et al. 2016), short-term spill events involving chemical pollutants (Jaramillo 
et al. 2018), and wildfires (Potter 2018). The results of this study suggest that these same indices 
are also capable of detecting patterns of anthropogenic disturbance in wetlands targeted for 
motorized vehicle trail development in mountainous terrain. One strength of this study was being 
able to statistically compare remotely-sensed indices across wetlands whose disturbance histories 
were known, clarifying signatures associated with wetland disturbance that may be beneficial for 
land managers and others seeking to gauge the extent of wetland disturbance in other areas. 
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In particular, a common index of vegetation health (NDVI) showed significant differences 
between impacted and unimpacted wetlands, with differences in NDVI values increasing across 
wetland types over time after the study area was opened to the public as a motorized recreation 
area. One interesting pattern apparent in this dataset was that NDVI values across all sites increased 
in 2016 relative to other years, regardless of disturbance history. This pattern was consistent across 
the entire Sentinel 2 tile used to render NDVI data, even at sites characterized by unvegetated and 
impervious surfaces. Why this particular pattern occurred for 2016 is unclear, although this may 
be due to artifacts from high cloud contamination or other atmospheric effects (Eklundh 1995; Ali 
et al. 2013). However, the general patterns of significance and model support for the NDVI 
comparisons reported above were unchanged when evaluating models with data from this year 
excluded as a potential outlier. 
Lower NDVI values in wetlands impacted by off-road vehicle use would be expected, since 
past research has shown that such development can have detrimental impacts on wetland habitats. 
Both wetland vegetation and the soils necessary for the establishment of wetland plant 
assemblages, for example, can be negatively impacted by persistent off-road vehicle use 
(Hannaford and Resh 1999; Trip and Wiersma 2015), with soil damage potentially persisting for 
years following an initial disturbance event (Ahlstrand and Racine 1993). Vehicle scouring of the 
type observed across the study area during field visits should therefore be expected to remove 
emergent vegetation cover and replace it with open substrate, leading to a decrease in NDVI values 
relative to nearby unimpacted wetlands, whose vegetation assemblages have not been physically 
disturbed. Indeed, past work with both natural and anthropogenic wetland disturbance has found 
similar signatures of decreasing NDVI values during and following disturbance events (Potter 
2018; Wilson and Norman 2018; Taddeo et al. 2019; Vanderhoof et al. 2020).  
Most importantly, NDVI values not only decreased within impacted wetlands but showed 
increasing patterns of statistically-significant coldspot development over time, highlighting the 
clustering of low NDVI values. Such clustered values are valuable since they reflect spatially-
coherent patterns of NDVI maxima or minima, rather than scattered noise reflecting extreme 
NDVI values in single pixels or grid cells (Boschetti et al. 2013; Chakraborty et al. 2018). The 
observed trend of coldspots increasing in size in impacted wetlands over time is consistent with 
increasing wetland disturbance from persistent off-road vehicle use, especially when coupled with 
a relative lack of statistically-significant coldspots in adjacent unimpacted wetland habitats. In 
fact, Getis-Ord analyses indicated that these unimpacted wetlands actually exhibited even some 
NDVI hotspot development in several cases, indicating an increase in vegetation health at the same 
time nearby impacted wetlands were experiencing growing clusters of NDVI minima.  
These results suggest that NDVI data may be particularly useful for researchers and land 
managers charged with assessing the extent of wetland disturbance as a result of motorized vehicle 
use. In particular, the consistent or growing presence of statistically-significant clusters of NDVI 
minima within wetlands across a time series appears to be strongly indicative of vegetation loss 
associated with wetland disturbance. Since satellite data producing spectra required for the 
calculation of NDVI are freely and publicly available from a variety of sources, the approach 
outlined in this study may be especially useful in cases where other remotely-sensed data sources, 
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such LiDAR coverage and high-resolution orthoimagery, are unavailable to assist in the landscape-
scale detection of wetland change. 
However, there are several important limitations to the approach outlined in this study. 
First, researchers should use caution when ascribing differences in NDVI values to specific forms 
of disturbance, such as the off-road vehicle use investigated in this study, when the disturbance 
histories of wetland sites are not known a priori. For example, temporal changes in NDVI are not 
solely caused by anthropogenic disturbances but may also reflect natural disturbance events, 
stressors such as drought or disease, and changes in vegetation assemblages resulting from 
ecological succession (Piao et al. 2006; Franke and Menz 2007; Zhao et al. 2009). The NDVI 
differences outlined in this study were strongly indicative of anthropogenic disturbance from 
motorized vehicles due to (i) the known disturbance histories of the wetlands selected for study, 
and (ii) the ability to statistically compare wetlands impacted by motorized vehicle use and those 
unimpacted by these and other disturbances across the same spatial extent and time period. 
However, other areas where this approach is applied may not have the luxury of pre-existing 
knowledge about the recent disturbance histories or condition of focal wetlands, meaning that 
trends in NDVI minima should not be viewed as a sole indicator of anthropogenic disturbance. 
Instead, these data are likely best suited as an initial step in screening wetlands for putative 
disturbance events, with follow-up comparisons via high-resolution aerial orthoimagery and/or 
field assessments necessary to fully gauge such impacts. 
Second, this study was restricted to primarily open-canopy wetlands not located beneath 
thick forest cover. While most wetlands located in mid- or upslope positions in the study region 
possess such structural attributes, particularly for wetlands formed on former surface mines 
(Thompson et al. 2007; Atkinson et al. 2010), floodplain and riparian wetlands located along rivers 
and other large waterways may not share these characteristics and may be located in closed-canopy 
situations. These wetland types were not present in the immediate study area, and it remains 
unknown if and how the presence of a dense forest canopy may impact NDVI values in cases 
where disturbance activities impact wetland vegetation closer to the ground layer and do not result 
in the removal of overstory vegetation. NDVI data from all habitats may also be seasonally variable 
in response to senescence late in the growing season, dormant vegetation outside of the growing 
season, and increasing greenness during spring months (Zoffoli et al. 2008; Lumbierres et al. 2017; 
Xu et al. 2017), potentially confounding NDVI-based assessments of wetland condition if 
comparisons of a collection of sites are made using imagery from widely differing dates or seasons.  
Assessing these impacts may be one potential area for future study. 
The detection of changes in NDVI data following disturbance events is also likely 
dependent on the resolution of the satellite datasets used to calculate NDVI and related indices. 
The Sentinel-2 data used here are among the most high-resolution (10 m) multispectral data 
publicly available. While these data appear to be able to effectively detect wetland change within 
the study region, more high-resolution datasets do exist from proprietary sources and may be able 
to more effectively detect wetland change due to various forms of anthropogenic disturbance. 
Similarly, more coarse-resolution data from publicly-available data sources such as the Moderate 
Resolution Imaging Spectroradiometer (MODIS; Ardanuy et al. 1991) and Advanced Very High 
Resolution Radiometer (AVHRR; Holben 1986) may be less capable of detecting change in 
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wetlands of the size used in this study, making the source of remotely-sensed data a critical 
consideration for others seeking to adapt this study’s approach. 
In conclusion, NDVI data can be a useful tool for detecting signatures of disturbance from 
motorized vehicle use in open-canopy wetland habitats, particularly when coupled with statistical 
approaches designed to detect spatially-coherent patterns of NDVI gain or loss. The results of this 
study underscore the ability for NDVI data to detect small-scale disturbances in wetlands, adding 
to a growing list of disturbances from both natural and anthropogenic sources that are detectable 
in wetlands using NDVI data. The off-road vehicle use and associated habitat disturbances 
investigated in this study are growing in scope and intensity across the central Appalachians and 
are presently considered one of the predominant forms of landscape change and associated 
conservation threats for some aquatic taxa across this region (USFWS 2016). However, little to no 
information currently exists on the regional extent of such disturbances in wetland ecosystems. As 
research into the extent of such disturbances, their ecological impacts, and potential mitigation 
measures increases both within the central Appalachian region and beyond, these remote sensing 
approaches may form a key tool alongside traditional field-based habitat assessments. 
 
ACKNOWLEDGMENTS 
I am grateful to P. Shelton, W. Browning, M. Bell, H. Warren, and D. Withen for their valuable 
help in conceptual discussions surrounding the questions addressed in this manuscript. Site access 
for field assessments for this project was performed under User Permit 6613 for the Southwest 
Regional Recreation Area. 
 
LITERATURE CITED 
Adam, E., O. Mutanga, and D. Rugege. 2010. Multispectral and hyperspectral remote sensing for 
identification and mapping of wetland vegetation: A review. Wetlands Ecology and 
Management 18:281-296.  https://doi.org/10.1007/s11273-009-9169-z 
Ahlstrand, G. M., and C. H. Racine. 1993. Response of an Alaska, USA, shrub-tussock 
community to selected all-terrain vehicle use. Arctic and Alpine Research 25: 142–149. 
https://doi.org/10.1080/00040851.1993.12002995 
Alatorre, L. C., S. Sanchez-Carrillo, S. Miramontes-Beltran, R. J. Medina, M. E. Torres-Olave, 
L. C. Bravo, L. C. Wiebe, A. Granados, D. K. Adams, E. Sanchez, and M. Uc. 2016. 
Temporal changes of NDVI for qualitative environmental assessment of mangroves: 
Shrimp farming impact on the health decline of the arid mangroves in the Gulf of 
California (1990–2010). Journal of Arid Environments 125:98-109. 
https://doi.org/10.1016/j.jaridenv.2015.10.010 
Ali, A., K. de Bie, and A. K. Skidmore. 2013. Detecting long-duration cloud contamination in 
hyper-temporal NDVI imagery. International Journal of Applied Earth Observation and 
Geoinformation 24:22-31. https://doi.org/10.1016/j.jag.2013.02.001 
Virginia Journal of Science, Vol. 72, No. 3, 2021 https://digitalcommons.odu.edu/vjs/vol72/iss3
Remote Sensing of Wetland Health 
15 
Ardanuy, P. E., D. Han, and V. V. Salomonson. 1991. The Moderate Resolution Imaging 
Spectrometer (MODIS) science and data system requirements. IEEE Transactions on 
Geoscience and Remote Sensing 29:75-88.  http://dx.doi.org/10.1109/36.103295 
Arp, C. D., and T. Simmons. 2012. Analyzing the impacts of off-road vehicle (ORV) trails on 
watershed processes in Wrangell-St. Elias National Park and Preserve, 
Alaska. Environmental Management, 49:751–766. https://doi.org/10.1007/s00267-012-
9811-z   
Atkinson, R. B., J. E. Perry, G. B. Noe, W. L. Daniels, and J. Cairns, Jr. 2010. Primary 
productivity in 20-year old created wetlands in Southwestern Virginia. Wetlands 30:200-
210. https://doi.org/10.1007/s13157-010-0033-y 
Balcombe, C. K., J. T. Anderson, R. H. Fortney, J. S. Rentch, W. N. Grafton, and W. S. Kordek. 
2005. A comparison of plant communities in mitigation and reference wetlands in the 
mid-Appalachians. Wetlands 25:130–142. https://doi.org/10.1672/0277-
5212(2005)025[0130:ACOPCI]2.0.CO;2 
Boschetti, M., F. Nutini, P. A. Brivio, E. Bartholome, D. Stoppiana, and A. Hoscilo. 2013. 
Identification of environmental anomaly hot spots in West Africa from time series of 
NDVI and rainfall. ISPRS Journal of Photogrammetry and Remote Sensing 78:26-40. 
https://doi.org/10.1016/j.isprsjprs.2013.01.003 
Chakraborty, A., M. Seshasai, C. S. Reddy, and V. K. Dadhwal. 2018. Persistent negative 
changes in seasonal greenness over different forest types of India using MODIS time 
series NDVI data (2001–2014). Ecological Indicators 85:887-903. 
https://doi.org/10.1016/j.ecolind.2017.11.032 
Cook, N. A., E. A. Sarver, L. H. Krometis, and J. Huang. 2015. Habitat and water quality as 
drivers of ecological system health in Central Appalachia. Ecological Engineering 
84:180-189. https://doi.org/10.1016/j.ecoleng.2015.09.006 
Drusch, M., U. Del Bello, S. Carlier, O. Colin, V. Fernandez, F. Gascon, B. Hoersch, C. Isola, P. 
Laberinti, P. Martimort, et al. 2012. Sentinel-2: ESA's optical high-resolution mission for 
GMES Operational Services. Remote Sensing of the Environment 120:25-36. 
https://doi.org/10.1016/j.rse.2011.11.026 
Eklundh, L. R. 1995. Noise estimation in NOAA AVHRR maximum-value composite NDVI 
images. International Journal of Remote Sensing 16:2955-2962. 
https://doi.org/10.1080/01431169508954601 
Fleming, G. P., and K. D. Patterson. 2017. The natural communities of Virginia: Ecological 
groups and community types. Natural Heritage Technical Report 17-07. Virginia 
Department of Conservation and Recreation, Division of Natural Heritage, Richmond, 
Virginia. 36 pp.  
Franke, J., and G. Menz. 2007. Multi-temporal wheat disease detection by multi-spectral remote 
sensing. Precision Agriculture 8:161-172. https://doi.org/10.1007/s11119-007-9036-y 
Virginia Journal of Science, Vol. 72, No. 3, 2021 https://digitalcommons.odu.edu/vjs/vol72/iss3
Remote Sensing of Wetland Health 
16 
Fritsch, A. J., and K. Johannsen. 2014. Ecotourism in Appalachia: Marketing the Mountains. 
University Press of Kentucky, Lexington, Kentucky. 320 pp. 
Getis, A., and J. K. Ord. 1992. The analysis of spatial association by use of distance statistics. 
Geographical Analysis 24:189-206. https://doi.org/10.1007/978-3-642-01976-0_10 
Goward, S. N., B. Markham, D. G. Dye, W. Dulaney, and J. Yang. 1991. Normalized difference 
vegetation index measurements from the Advanced Very High Resolution Radiometer. 
Remote Sensing of the Environment 35:257-277. https://doi.org/10.1016/0034-
4257(91)90017-Z 
Hackbert, P. H. and X. Lin. 2009. Equestrian trail riding: An emerging economic contributor to 
the local rural Appalachian economy. Journal of Business Case Studies 5:47-58. 
https://doi.org/10.19030/jbcs.v5i6.4732 
Hannaford, M. J., and V. H. Resh. 1999. Impact of all-terrain vehicles (ATVs) on pickleweed 
(Salicornia virginica L.) in a San Francisco Bay wetland. Wetlands Ecology and 
Management 7:225-233. https://doi.org/10.1023/A:1008482427472 
Hinkel, K. M., W. R. Eisner, and C. J. Kim. 2017. Detection of tundra trail damage near Barrow, 
Alaska using remote imagery. Geomorphology 293:360-367. 
https://doi.org/10.1016/j.geomorph.2016.09.013 
Holben, B. N. 1986. Characteristics of maximum-value composite images from temporal 
AVHRR data. International Journal of Remote Sensing 7:1417-1434. 
https://doi.org/10.1080/01431168608948945 
Iverson, R. M., B. S. Hinckley, and R. M. Webb. 1981. Physical effects of vehicular disturbances 
on arid landscapes. Science 212:915–917. 
http://dx.doi.org/10.1126/science.212.4497.915 
Jaramillo, E., N. A. Lagos, F. A. Labra, E. Paredes, E. Acuna, D. Melnick, M. Manzano, C. 
Velasquez, and C. Duarte. 2018. Recovery of black-necked swans, macrophytes and 
water quality in a Ramsar wetland of southern Chile: Assessing resilience following 
sudden anthropogenic disturbances. Science of the Total Environment 628:291-301. 
https://doi.org/10.1016/j.scitotenv.2018.01.333 
Kayastha, N., V. Thomas, J. Galbraith, and A. Banskota. 2012. Monitoring wetland change using 
inter-annual Landsat time-series data. Wetlands 32:1149-1162. 
http://doi.org/10.1007/s13157-012-0345-1  
Kiviat, E. 2013. Risks to biodiversity from hydraulic fracturing for natural gas in the Marcellus 
and Utica Shales. Annals of the New York Academy of Sciences 1286:1-14. 
https://doi.org/10.1111/nyas.12146 
Liddle, M. J. 1997. Recreation ecology—The ecological impact of outdoor recreation and 
ecotourism. Chapman and Hall, London. 666 pp. 
Virginia Journal of Science, Vol. 72, No. 3, 2021 https://digitalcommons.odu.edu/vjs/vol72/iss3
Remote Sensing of Wetland Health 
17 
Lovich, J. E., and D. Bainbridge. 1999. Anthropogenic degradation of the southern California 
desert ecosystem and prospects for natural recovery and restoration. Environmental 
Management 24:309-326. https://doi.org/10.1007/s002679900235 
Lumbierres, M., P. F. Mendez, J. Bustamante, R. Soriguer, and L. Santamaria. 2017. Modeling 
biomass production in seasonal wetlands using MODIS NDVI Land Surface Phenology. 
Remote Sensing 9:392. https://doi.org/10.3390/rs9040392 
Maigret, T. A., John J. C., and J. Yang. 2019. Persistent geophysical effects of mining threaten 
ridgetop biota of Appalachian forests. Frontiers in Ecology and the Environment 17:85-
91. https://doi.org/10.1002/fee.1992 
Mayer, A. L., and R. D. Lopez. 2011. Use of remote sensing to support forest and wetlands 
policies in the USA. Remote Sensing 3:1211-1233. https://doi.org/10.3390/rs3061211 
Meyer, K. G. 2002. Managing Degraded Off-Highway Vehicle Trails in Wet, Unstable, and 
Sensitive Environments. United States Department of Agriculture Forest Service, Technology 
and Development Program, Missoula, Montana. 56 pp. 
Miller, A., and N. Zegre. 2016. Landscape-scale disturbance: Insights into the complexity of 
catchment hydrology in the mountaintop removal mining region of the eastern United 
States. Land 5:22. https://doi.org/10.3390/land5030022 
Ouren, D. S., C. Haas, C. P. Melcher, S. C. Stewart, P. D. Ponds, N. R. Sexton, L. Burris, T. 
Fancher, and Z. R. Bowen. 2009. Environmental Effects of Off-Highway Vehicles on 
Bureau of Land Management Lands: A Literature Synthesis, Annotated Bibliographies, 
Extensive Bibliographies, and Internet Resources. United States Geological Survey, 
Reston, Virginia. 242 pp. 
Ozesmi, S. L. and M. E. Bauer. 2002. Satellite remote sensing of wetlands. Wetlands Ecology 
and Management 10:381-402. https://doi.org/10.1023/A:1020908432489 
Pettorelli, N., J. O. Vik, A. Mysterud, J-M. Gaillard, C. J. Tucker, and N. C. Stenseth. 2005. 
Using the satellite-derived NDVI to assess ecological responses to environmental change. 
Trends in Ecology and Evolution 20:503-510. https://doi.org/10.1016/j.tree.2005.05.011 
Petty, J. T., G. Gingerich, J. T. Anderson, and P. F. Ziemkiewicz. 2013. Ecological function of 
constructed perennial stream channels on reclaimed surface coal mines. Hydrobiologia 
720:39-53. https://doi.org/10.1007/s10750-013-1619-1 
Piao, S., A. Mohammat, J. Fang, Q. Cai, and J. Feng. 2006. NDVI-based increase in growth of 
temperate grasslands and its responses to climate changes in China. Global 
Environmental Change 16:340-348. https://doi.org/10.1016/j.gloenvcha.2006.02.002 
Potter, C. 2018. Recovery Rates of Wetland Vegetation Greenness in Severely Burned 
Ecosystems of Alaska Derived from Satellite Image Analysis. Remote Sensing 10:1456 
https://doi.org/10.3390/rs10091456 
Virginia Journal of Science, Vol. 72, No. 3, 2021 https://digitalcommons.odu.edu/vjs/vol72/iss3
Remote Sensing of Wetland Health 
18 
Rodgers, J. C., A. W. Murrah, and W. H. Cocke. 2009. The impact of Hurricane Katrina on the 
coastal vegetation of the Weeks Bay Reserve, Alabama from NDVI data. Estuaries and 
Coasts 32:496-507. https://doi.org/10.1007/s12237-009-9138-z 
Ross, M. R. V., B. L. McGlynn, and E. S. Bernhardt. 2016. Deep impact: Effects of mountaintop 
mining on surface topography, bedrock structure, and downstream waters. Environmental 
Science and Technology 50:2064–2074. https://doi.org/10.1021/acs.est.5b04532 
Saylor, K. L. 2008. Land Cover Trends: Central Appalachians. United States Geological Survey, 
Reston, Virginia. 11 pp. 
Scott, R. R. 2010. Removing Mountains: Extracting Nature and Identity in the Appalachian 
Coalfields. University of Minnesota Press, Minneapolis, Minnesota. 271 pp. 
Scott, S. L., S. McSpirit, and J. Foley. 2017. Promoting outdoor recreation and adventure tourism 
on the Russell Fork: An academic-community partnership report. Journal of Appalachian 
Studies 23:170-180. https://doi.org/10.5406/jappastud.23.2.0170 
Sharp, R., M. J. Bradley, and J. Maples. 2020. Who has the right-of-way? Negotiating 
environmental and economic impacts of off-highway vehicle use in eastern Kentucky. 
Journal of Appalachain Studies 26:191-208. https://doi.org/10.5406/jappastud.26.2.0191 
Snyder, S. A., J. H. Whitmore, I. E. Schneider, and D. R. Becker. 2008. Ecological criteria, 
participant preferences and location models: A GIS approach toward ATV trail planning. 
Applied Geography. 28:248-258. https://doi.org/10.1016/j.apgeog.2008.07.001 
Sobczak, R. V., and A. J. Pernas. 2002. Re-evaluation of off-road vehicle management in Big 
Cypress National Preserve, Florida, after twenty-six years of management. Florida 
Scientst 65:100-114. 
Stephens, K., J. Sencindiver, and J. Skousen. 2015. Characteristics of wetland soils impacted by 
acid mine drainage. Southeastern Naturalist. 14:40-57. 
https://doi.org/10.1656/058.014.sp707 
Taddeo, S., I. Dronova, and K. Harris. 2019. The potential of satellite greenness to predict plant 
diversity among wetland types, ecoregions, and disturbance levels. Ecological 
Applications 29:e01961. https://doi.org/10.1002/eap.1961 
Taylor, B. R., and S. Raney. 2013. Correlation between ATV tracks and density of a rare plant 
(Drosera filiformis) in a Nova Scotia Bog. Rhodora 115:158-169. 
https://doi.org/10.3119/12-10 
Thompson, Y., B. C. Sandefur, J. O. Miller, and A.D. Karathanasis. 2007. Hydrologic and 
edaphic characteristics of three mountain wetlands in southeastern Kentucky, USA. 
Wetlands 27:174-188. https://doi.org/10.1672/0277-
5212(2007)27[174:HAECOT]2.0.CO;2 
Thompson, Y., E.M. D’Angelo, A.D. Karathanasis, and B. C. Sandefur. 2012. Plant community 
composition as a function of geochemistry and hydrology in three Appalachian wetlands. 
Ecohydrology 5:389-400. https://doi.org/10.1002/eco.228 
Virginia Journal of Science, Vol. 72, No. 3, 2021 https://digitalcommons.odu.edu/vjs/vol72/iss3
Remote Sensing of Wetland Health 
19 
Townsend, P. A., D. P. Helmers, C. C. Kingdon, B. E. McNeil, K. M. de Beurs, and K. N. 
Eshleman. 2009. Changes in the extent of surface mining and reclamation in the Central 
Appalachians detected using a 1976–2006 Landsat time series. Remote Sensing of the 
Environment 113:62–72. https://doi.org/10.1016/j.rse.2008.08.012 
Trip, N. V. V., and Y. F. Wiersma. 2015. A comparison of all-terrain vehicle (ATV) trail impacts 
on boreal habitats across scales. Natural Areas Journal 35:266-278. 
https://doi.org/10.3375/043.040.0310 
United States Department of Agriculture Forest Service. 2004. Revised Land and Resource 
Management Plan, Jefferson National Forest. Management Bulletin R8-MB 115A. 
Roanoke, Virginia. 396 pp. 
United States Fish and Wildlife Service. 2016. Threatened Species Status for the Big Sandy 
Crayfish and Endangered Species Status for the Guyandotte River Crayfish. United States 
Federal Register, 20449-20481. 
Vanderhoof, M. K., J. Christensen, Y-J. G. Beal, B. DeVries, M. W. Lang, N. Hwang, C. 
Mazzarella, and J. W. Jones. 2020. Isolating Anthropogenic Wetland Loss by 
Concurrently Tracking Inundation and Land Cover Disturbance across the Mid-Atlantic 
Region, U.S. Remote Sensing 12:1464. https://doi.org/10.3390/rs12091464 
Virginia Geographic Information Network. 2019. Virginia Base Mapping Program 
Orthoimagery. Chester, VA. https://vgin.maps.arcgis.com/home/index.html. (Accessed 
12 January 2020). 
Webb, R. H., and H. G. Wilshire. 1983. Environmental effects of off-road vehicles—Impacts and 
management in arid regions. Springer-Verlag, New York.  
Weber, J. T., and J. F. Bulluck. 2014. Virginia Wetlands Catalog: An Inventory of Wetlands and 
Potential Wetlands with Prioritization Summaries for Conservation and Restoration 
Purposes by Parcel, Subwatershed, and Wetland Boundaries. Natural Heritage Technical 
Report 14-4. Virginia Department of Conservation and Recreation, Division of Natural 
Heritage. Richmond, Virginia 49 pp. 
Welch, R., M. Madden, and B. Doren. 2002. Maps and GIS databases for environmental studies 
of the Everglades. P. 259-279 in Porter, J. W. & K. G. Porter (eds.), The Everglades, 
Florida Bay and Coral Reefs of the Florida Keys, an Ecosystem Sourcebook. CRC Press, 
Boca Raton Florida.  
Wickham, J., P. B. Wood, M. C. Nicholson, W. Jenkins, D. Druckenbrod, G. W. Suter, M. P. 
Strager, C. Mazzarella, W. Galloway, and J. Amos. 2013. The overlooked terrestrial 
impacts of mountaintop mining. BioScience 63:335-348. 
https://doi.org/10.1525/bio.2013.63.5.7 
Wilson, N. R., and L. M. Norman. 2018. Analysis of vegetation recovery surrounding a restored 
wetland using the normalized difference infrared index (NDII) and normalized difference 
vegetation index (NDVI). International Journal of Remote Sensing 39:3243-3274. 
https://doi.org/10.1080/01431161.2018.1437297 
Virginia Journal of Science, Vol. 72, No. 3, 2021 https://digitalcommons.odu.edu/vjs/vol72/iss3
Remote Sensing of Wetland Health 
20 
Xu, P., Z. Niu, and P. Tang. 2017. Comparison and assessment of NDVI time series for seasonal 
wetland classification. International Journal of Digital Earth 11:1103-1131. 
https://doi.org/10.1080/17538947.2017.1375563 
Zhao, B., Y. Yan, H. Guo, M. He, Y. Gu, and B. Li. 2009. Monitoring rapid vegetation 
succession in estuarine wetland using time series MODIS-based indicators: An 
application in the Yangtze River Delta area. Ecological Indicators 9:346-356. 
https://doi.org/10.1016/j.ecolind.2008.05.009 
Zoffoli, M. L., P. Kandus, N. Madanes, and D. H. Calvo. 2008. Seasonal and interannual 
analysis of wetlands in South America using NOAA-AVHRR NDVI time series: The 
case of the Parana Delta Region. Landscape Ecology 23:833-848. 
https://doi.org/10.1007/s10980-008-9240-9 
Virginia Journal of Science, Vol. 72, No. 3, 2021 https://digitalcommons.odu.edu/vjs/vol72/iss3
